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DOD Progress Report:

Caveolin-1 Modulates Androgen Receptor Signaling in Advanced Prostate Cancer
Introduction:_

The underlying mechanism of the progression of prostate cancer to hormone-independent
disease is poorly understood. Neoexpression of caveolin-1, a scaffold protein associated
with caveolae membrane microdomains, has been shown to correlate with hormone
resistance and metastasis in both human and mouse prostate cancer models (Nasu et al.,
1998; Yang et al., 1999). We find that overexpressing caveolin-1 in human prostate cancer
cells positively regulates androgen receptor transactivation activity. We identify that
modulating caveolin expression levels dramatically alters the sensitivity of AR to androgen
stimulation in cellular models (Lu et al., 2002). We hypothesize that caveolin-1 scaffolding
signal complex plays a regulatory role in AR activation pathway. Our specific aims are: (1)
Mapping the submolecular domains required for AR and caveolin interaction, (2) Functional
and biochemical characterization of the AR/caveolin interaction, (3) Characterization of the
physiological role of caveolin-1 overexpression in AR signaling of prostate carcinoma cell,
and (4) Evaluating the effect of caveolin scaffolding domain CSD peptide in prostate cancer
PC3 tumor growth in vivo.

Report Body:

(1) Inyear one, we focus our effort on proposed work for Specific Aim 2 and 3 of
characterizing both the functional and physiological roles of caveolin in AR signaling. Using
mammalian two-hybrid assay, we determined two caveolin interacting domain in androgen
receptor (AR) that localized to AR N-terminus and ligand binding domain (LBD). The AR
binding domain of caveolin was determined to localize to the region (Cav30-60) precedes the
caveolin scaffolding domain (CSD) of caveolin. These interactions were verified
biochemically by GST-pull down and co-immunoprecipitation. We generated expression
vectors which covering various caveolin domain including CSD (caveolin scaffolding domain),
Cav(1-30), Cav(1-60), Cav(31-60) and Cav(137-178) using pcDNA3.0 as an expression
vehicle . Their effects on AR signaling and cell growth regulation were tested by co-
transfecting LN-Cav cells with these expression vectors and reporter genes. Among those
peptides tested, we determined that Cav(31-60) peptide to be most effective in perturbing
the caveolin/AR interaction. Furthermore, Cav(137-178) was demonstrated to be most
effective in interfering with androgen activated PI3kinase/Aktsignal pathway. Our data
indicate that disrupting caveolin/AR interaction down-regulates androgen stimulation-induced
Akt activation. To further demonstrate the importance of caveolin/AR interaction in
promoting cell survival, we have initially characterized a pair of caveolin RNAI oligonucleotide
for downregulation of caveolin expression in LAPC4 and PC3 cells. Our data indicate that
caveolin knock-down induces apoptosis of these cells. The molecular mechanism of these

(2) In_year two, we focus our effort on proposed work for Tasks 2 and 4 characterizing
both the functional and physiological roles of caveolin in AR signaling. Using a mammalian
two-hybrid assay, we determined two caveolin interacting domains in androgen receptor (AR)
that localized to AR N-terminus and ligand binding domain (LBD). The AR binding domain of
caveolin was determined to localize to the region (Cav30-60) preceding the caveolin
scaffolding domain (CSD) of caveolin (Lu et al., 2001). These interactions were verified
biochemically by GST pull-down and co-immunoprecipitation.
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Various caveolin domains, including CSD (caveolin scaffolding domain), Cav(1-30),

Cav(1-60), Cav(31-60)

and Cav(135-178), were

cloned into mammalian 50
pcDNAS3.0 expression —
vector. Their effects on § 40-
interfering with 5 :
AR/caveolin interaction B 304
were tested by a co- 3
transfection study using a S 20-
previously defined pACT- =
AR/pBIND-CAV9FL) = 104
mammalian two-hybrid =
assay. As shown in 0

Figure 1, among peptides
tested, peptides Cav(31-
60) and Cav(135-178)
appeared to be most
effective in perturbing the

caveolin/AR interaction.
This is consistent with our

Figure 1

previous results that

identified Cav(31-60) as an AR interacting domain.

To test the effects of caveolin peptides in modulating androgen-mediated signals, LNCap
cells were transiently transfected with various expression vectors encoding the caveolin
peptides. 24 hours post-transfection, the level of androgen-stimulated Akt activation was
determined by western blot analysis using a Ser-473 phospho-specific antibody (Li et al.,
2003). As shown in Figure 2, an increase of Akt Ser-473 phosphorylation was observed in
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stimulated Akt actlvatlon since Cav(135-178) was mapped to be an AR interacting domain.
Our data suggest the possibility that down-regulation of androgen stimulation-induced Akt
activation may be caused by disrupting caveolin/AR interaction.

To further demonstrate the role of caveolin in promoting prostate cancer cell survival, we
have initially characterized a pair of caveolin RNAI oligonucleotides for their ability to
downregulate caveolin expression in PC3 cells (Paddison et al., 2002) (gene bank accession
number AF070648):

#139-GGUCAGCAGCCUCCCUGAA
#256-CAUCUUUAUCCGUAGUGGG.

As shown in Figure 3, PC3 cells
were transiently transfected with 10

nM of scrambled control (SC), #139-, 1 2 3 4
or #256- siRNAs using lipofectamine v N

levels of caveolin expression are
determined by a western blot analysis

2000. 72 hours post-transfection,
\£~ @ @
. As shown in Figure 3, a dramatic O 6 Q) 93
O~ N

decrease of caveolin protein level is &(
observed in caveolin specific SiRNA @

. #139 and #256. Preliminary results .
indicate that caveolin knock-down CAV‘SIRNA
induces apoptosis in these cells (data .
not shown). Figure 3

(3) In the final year, we continue focusing our effort on the proposed work for Tasks 3 and
4 characterizing both the functional and physiological roles of caveolin in AR signaling. As
partial fulfillment for the goal in Aim 3, in an effort to identify components associated with the
AR/caveolin signal complex, we employed a proteomic approach to characterize the raft
domain associated anti-AR immune complex. We identified a novel serine/threonine p21
activated protein kinase 6 (PAK6) as one of the signal components involved in the complex.
PAK®6 was previously identified to be an AR interacting partner by a yeast two-hybrid assay
(Lee et al., 2002). To further determine the significance of PAK6 in the androgen receptor-
mediated signal transduction, we have preliminarily characterized the molecular mechanism
of PAK®6 activation. We found that PAK6 can be activated directly via MKK6/P38 MAP kinase
pathways. The study results were recently accepted for publication (see Appendix 1).
Deregulated P38 kinase was previously identified to be associated with prostate cancer
metastatic progression in a TRAMP prostate cancer model (Uzgare et al., 2003). Our
identification of PAK6 as a potential regulator of AR signaling provides new insights on future
understanding of the androgen/AR regulated non-genomic signals.

The p21-activated kinases (PAKs) contain an N-terminal Cdc42/Rac interactive binding
(CRIB) domain, in the group 1 PAKs (PAK1, 2, and 3), which regulates the activity of an
adjacent conserved autoinhibitory domain. In contrast, the group 2 PAKs (PAK4, 5, and 6)
lack this autoinhibitory domain and are not activated by Cdc42/Rac binding, and the
mechanisms that regulate their kinase activity have been unclear. Our study found that basal
PAKB® kinase activity was repressed by a p38 MAP kinase antagonist and could be strongly
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stimulated by a constitutively active MAP kinase kinase 6 (MKK6), an upstream activator of
p38 MAP kinases. Mutation of a consensus p38 MAP kinase target site at serine 165
decreased PAK® kinase activity. Moreover, PAK6 was directly activated by MKK6, and
mutation of tyrosine 566 in a consensus MKK® site (threonine-proline-tyrosine, TPY) in the
activation loop of the PAK6 kinase domain prevented activation by MKK6. PAKG6 activation
by MKK6 was also blocked by mutation of an autophosphorylated serine (serine 560) in the
PAK®6 activation loop, indicating that phosphorylation of this site is necessary for MKK6-
mediated activation. PAK4 and PAKS5 were similarly activated by MKK®6, consistent with a
conserved TPY motif in their activation domains. The activation of PAK6 by both p38 MAP
kinase and MKK6 suggests that PAK6 (and likely other PAKs) have a unique and specialized
role in the cellular response to stress.

We have identified two caveolin derived peptides, Cav30-60 and Cav135-178, that
downregulate AR-mediated signaling in a co-transfection assay To test these peptides
directly in cell culture (or latter in the animal model), we are in the process of generating cell
permeable caveolin peptide by fusing an HIV-tat sequence to the inhibitory caveolin peptides.
In this aspect, we have generated expression vectors that fuse an HIV-Tat cell permeable
sequence (Becker-Hapak et al, 2001) with caveolin-derived peptides Tat-Cav30-60 and Cav
135-178. We are currently in the process of characterizing the expression in bacteria and
small-scale purification of the fusion peptides.

Key Research Accomplishments:

1. Identified AR sub-molecular domains, AR-N and LBD, interacting with caveolin

2. Identified caveolin sub-molecular domain, CSD, interacting with AR

3. Determined the biological effects of various caveolin fragments on AR mediated
signaling.

4. Established the physiological interactions between AR and caveolin-1 at both

molecular and biochemical levels.

5. Characterized the feasibility of using small interference RNA (siRNA) in caveolin
expression knock-down study in tissue culture model.

6. Identified the new signal component PAK6 as a key mediator of AR/caveolin
interaction related signals.

7. Characterized the feasibility of using HIV-Tat fusion caveolin derived peptides in
perturbation of AR-mediated signals.

Reportable Outcomes:

1. Publications:
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R. Kaur R, Liu X, Gjoerup O, Zhang A, Yuan X, Balk SP, Schneider MC and Lu ML.
Activation of p21 Activated Kinase 6 (PAK6) by MAP Kinase Kinase 6 and p38 MAP
Kinase. J. Biol. Chem., 2005, in press. (Appendix 1)

Freeman MR, Cinar B and Lu ML. Membrane rafts as potential sites of nongenomic
hormonal signaling in prostate cancer. Trends Endocrinol. Metabol. Rev., 2005, in
press. (Appendix 2)

2 Cell Lines: ‘
LNCap cell stably expressing caveolin, LNCav

3. Expression Vectors:
Mammalian expression vectors for AR, caveolin expression. pcDNA-AR. pcDNA-Cav,
pVp-AR, pcDNA-AR. pcDNA-Cav(1-30), Cav(31-60), Cav(137-178).
Bacteria expression vectors encoding fusion protein of Tat-Cav 30-60 and Tat-

Cav135-178.
4, Human caveolin 1 specific Small interference RNAs.
Conclusion:

In summary, we have been very productive in the past three years on this project.
Two manuscripts that describe our findings have been accepted for publication in peer-
reviewed journals. Three additional manuscripts are in preparation for publication to report
our yet newer findings on the project. We anticipate finishing these studies in the coming
year. Although we have accomplished most of the goals depicted in our original proposal in a
timely fashion, some unexpected technical hurdles delayed our completion of the entire
project.

In the past three years, we identified and preliminarily characterized a novel
serine/threonine p21 activated protein kinase 6 (PAK6) as the key signal mediator in
regulating AR signal transduction within caveolae/raft domain. We also demonstrated a
cross-talk between the caveolin-1/AR and PI3 kinase/Akt signal pathway in hormone
dependent cell survival. Overall, our results established a biochemical basis on the notion
that caveolin expression is associated with prostate cancer progression. The
"neoexpression” caveolin in prostate cancer progression represents a gain of function event
in cancer survival. These results illustrate the important role of AR non-genomic effect in
response to androgen stimulation. Moreover, the identification of a novel serine/threonine
PAK®6 kinase underscores the relevance of this signal pathway in mediating AR nongenomic
effects. These findings pave the way to further define the underlying signal cross-talk in AR-
mediated signaling.

Our results support the hypothesis from our original proposal that AR signals from rafts
to regulate its transcriptional function. Because of the known tendency of the raft
compartment(s) to sequester signal transduction complexes, we believe this subcellular
location represents a rich potential source of new information on the role of the AR in
nongenomic signaling. Although the significance of nongenomic steroid hormone actions in
cancer is still controversial and is being actively debated, the well-known loss of hormonal
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control of the AR during PCa progression provides a fertile and clinically relevant topic area
for investigating these potentially important signaling mechanisms.
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The p21-activated kinases (PAKs) contain an N-termi-
nal Cdc42/Rac interactive binding domain, which in the
group 1 PAKs (PAK1, 2, and 3) regulates the activity of
an adjacent conserved autoinhibitory domain. In con-
trast, the group 2 PAKs (PAK4, 5, and 6) lack this auto-
inhibitory domain and are not activated by Cdc42/Rac
binding, and the mechanisms that regulate their kinase
activity have been unclear. This study found that basal
PAK®6 kinase activity was repressed by a p38 mitogen-
activated protein (MAP) kinase antagonist and could be
strongly stimulated by constitutively active MAP kinase
kinase 6 (MKK®6), an upstream activator of p38 MAP
kinases. Mutation of a consensus p38 MAP kinase target
site at serine 165 decreased PAKS6 kinase activity. More-
over, PAK6 was directly activated by MKK6, and muta-
tion of tyrosine 566 in a consensus MKKG6 site (threo-
nine-proline-tyrosine, TPY) in the activation loop of the
PAK6 kinase domain prevented activation by MKKG6.
PAKG6 activation by MKK6 was also blocked by mutation
of an autophosphorylated serine (serine 560) in the
PAKG6 activation loop, indicating that phosphorylation
of this site is necessary for MKK6-mediated activation.
PAK4 and PAK5 were similarly activated by MKK®6, con-
sistent with a conserved TPY motif in their activation
domains. The activation of PAK6 by both p38 MAP ki-
nase and MKK6 suggests that PAK6 plays a role in the
cellular response to stress-related signals.

p2l-activated kinases (PAKs)! were originally identified as
serine/threonine protein kinases that bound to and were acti-
vated by the p21 GTPases, GTP-Cdc42 and -Rac. Binding of
p21 is mediated by an N-terminal Cdc42/Rac interactive bind-
ing (CRIB) domain, and biochemical and crystal structure anal-
yses of PAK1 have shown that the CRIB domain regulates the
inhibitory activity of an adjacent autoinhibitory domain (AID).

* This work was supported by National Cancer Institute Grant
CA8799701 and Department of Defense Grant DAMD17-02-1-0017.
The costs of publication of this article were defrayed in part by the
payment of page charges. This article must therefore be hereby marked
“advertisement” in accordance with 18 U.S.C. Section 1734 solely to
indicate this fact.
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** To whom correspondence should be addressed: LMRC-BLI-143,
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rics.bwh.harvard.edu.

1The abbreviations used are: PAK, p21-activated kinase; MKKS,
MAP kinase kinase 6; CRIB, Cdc42/Rac interactive binding domain;
AID, autoinhibitory domain; MKP-1, mitogen kinase phosphotase-1;
WT, wild type; HA, hemagglutinin; MAP, mitogen-activated protein;
MEK, mitogen-activated protein kinase/extracellular signal-regulated
kinase kinase; IP, immunoprecipitation; mAb, monoclonal antibody.

This paper is available on line at http://www.jbc.org

In the absence of p21 GTPase binding, PAK1 exists as an
autoinhibited dimer in which the N-terminal AID of one PAK1
molecule in the dimer binds to the other catalytic domain and
blocks its function. Binding of GTP-Cdc42 or -Rac causes the
AID to dissociate from the catalytic domain and activates its
kinase activity, with subsequent phosphorylation of sites in the
N-terminal regulatory domain and in the activation loop of the
kinase domain serving to maintain the activated state (1, 2).

The N-terminal CRIB domain and AID are highly conserved
in human PAK2 and PAKS3, and these PAKs have been cate-
gorized with PAK1 as group 1 PAKs. PAK6 was initially iden-
tified in yeast two-hybrid screens for androgen receptor-inter-
acting proteins (3, 4). PAK6 has a C-terminal kinase domain
with homology to the group 1 PAKs and an N-terminal CRIB
domain. However, PAK6 lacks the conserved AID and is not
stimulated by ligation of its CRIB domain, which binds selec-
tively to GTP-Cdc42 (3). Human PAK4 and PAKS5 similarly
lack the conserved AID and along with PAK6 comprise the
group 2 PAKs (5).

Group 1 PAKs (PAK1, PAK2, and PAK3) are involved in the
regulation of diverse cellular processes such as cell motility,
morphology, cytoskeletal reorganization, and gene regulation.
Much less is known about the regulation and function of group
2 PAKs (PAK4, PAK5, and PAKS6). PAK4 is expressed ubiqui-
tously, and activated PAK4 has been shown to mediate cy-
toskeleton reorganization and filopodia formation (6, 7). Tar-
geted disruption of PAK4 results in embryonic lethality. PAKS
is highly expressed in brain and neuronal tissues and has been
shown to promote neuron outgrowth during development. RNA
blot analyses have shown that PAKS is expressed most highly
in brain and testes and at lower levels in multiple tissues
including prostate and breast. In transfection studies, PAK6
has been shown to suppress androgen receptor transcriptional
activity and similarly bind to and repress estrogen receptor (3).

The mechanisms that regulate the group 2 PAKs are un-
clear, but the absence of a conserved AID indicates that the
modes of regulation differ from the group I PAKs. In the cur-
rent study, we describe a novel mechanism of PAK6 regulation
by the MKK6-p38 MAP kinase pathway. Our results demon-
strate that MKK6 activates PAK6 by targeting two separate
sites, a consensus p38 MAP kinase substrate site (Ser-165) and
a tyrosine (Tyr-566) in the activation loop of the kinase domain.
Significantly, this tyrosine is part of an MKK8 substrate motif
(threonine-X-tyrosine) that is conserved in the group 1 and 2
PAKs but is otherwise largely restricted to activation loops of
MAP kinases, where it undergoes direct dual phosphorylation
by MAP kinase kinases. This study further shows that MKK6-
mediated activation does not alter the autophosphorylation of a
regulatory serine in the activation loop of PAK6 (Ser-560),
which is also conserved in the activation loop of all PAKs.
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Moreover, this serine is required for MKK6-p38 MAP kinase
activation of PAK6. Taken together, the results in this study
indicate that PAKS is regulated by MKK6 and p38 MAP kinase
and that the PAK6 activation loop is regulated by both MKK6
and autophosphorylation.

EXPERIMENTAL PROCEDURES

Materials and Reagent—p38 MAP kinase inhibitor SB203508 and
MEK1 inhibitor PD98059 were purchased from LC Laboratories
(Woburn, MA). cAMP-dependent protein kinase activator forskolin and
histone H4 were purchased from Sigma. c-Jun NH,-terminal kinase
inhibitor SP600125, PI3K inhibitor LY 294002, and MEK1 inhibitor
V0126 were purchased from Calbiochem. Protein-A-conjugated Sepha-
rose beads were from Amersham Biosciences. Monoclonal antibodies
against phosphotyrosine and p38 MAP kinase were from Upstate Bio-
technology (Lake Placid, NY), and monoclonal antibody 12CA5 against
the hemagglutinin (HA) tag was from Berkeley Antibody (Berkeley,
CA). Antiserum against phospho-PAK4(Ser-474)/PAKS5(Ser-602)/
PAKS6(Ser-560) was purchased from Cell Signaling Technology (Burl-
ington, MA). The QuikChange mutagenesis kit was from Stratagene
Inc. (La Jolla, CA). Anti-PAK6 polyclonal antiserum was generated
against glutathione S-transferase fused with PAK6 residues 115-383.

Expression Vectors and Constructs—PAK6 was cloned in-frame with
an N-terminal HA-tag containing pcDNA3.0 vector (Invitrogen). N-
terminal tagged MKK6(EE) was a gift from Dr. R. Davis (8). Generation
of S165A and Y566F point mutations were done by PCR-based site-
directed mutagenesis QuikChange kit following the manufacturer’s
instructions. The mutation primers used for S165A are: CCG TGG CCC
GAG CCA CAG GAA CCA CGG GTC CTG CCC AAT GGG and CCG
TGG CCC GAG CCA CAG GAA CCA CGG GTC CTG CCC AAT GGG.
The primers used for Y566F are: TCC CTG GTG GGA ACC CCC TTC
TGG ATG GCT CCT GAA GTG and CAC TTC AGG AGC CAT CCA
GAA GGG GGT TCC CAC CAG GGA. The primers used for S560A
(S560D or S560E) are: GAC GTC CCT AAG AGG AAG GCC (or GAC
(for D) or GAA (for E)) CTG GTG GGA ACC CCC TAC and GTA GGG
GGT TCC CAC CAG TTC (or GTC (for D) or TTC (for E)) CTT CCT CTT
AGG GAC GTC. The site-directed mutagenesis was performed based on
the manufacturer’s protocol.

Cell Culture and Transient Transfection—HEK293 cells were grown
in Dulbeceo’s modified Eagle’s medium (high glucose) supplemented
with antibiotics and 10% fetal bovine serum. The cells were transfected
by electroporation with a total of 10 ug of plasmid DNA using a Gene
Pulser from Bio-Rad. :

Gel Electrophoresis and Immunoblotting—The proteins were sepa-
rated by SDS-PAGE with a standard reducing protocol. Following elec-
trophoresis, the proteins were electroblotted to a nitrocellulose mem-
brane. The protein bands were visualized by Ponceau S red staining.
The blots were blocked by 5% nonfat dry milk, 0.05% Tween 20, and 1%
bovine serum albumin in Tris-buffered saline (10 mM Tris, pH 8.0, 135
mM NaCl). Immunoblotting was performed with designated antibodies
and visualized with an ECL detection system (Pierce) following the
manufacturer’s protocol.

Immunoprecipitation—Immunoprecipitation of PAK6 and proteins
containing phosphotyrosine was employed following a standard proto-
col. In brief, the cells were lysed in immunoprecipitation radioimmune
precipitation assay buffer containing 50 mm Tris, pH 7.4, 135 mMm NaCl,
1% (v/v) Triton X-100, 0.25% (w/v) deoxycholate, and 0.05% (w/v) SDS
and supplemented with protease inhibitors (2 mM phenylmethylsulfo-
nyl fluoride, 5 mm diisopropyl fluorophosphate, 5 pg/ml pepstatin, 1 mm
EDTA). The lysates were cleared by centrifugation at 12,000 X g for 30
min at 4 °C. The supernatants were incubated with individual antibod-
ies (1 ug) and protein A-Sepharose beads (20 ul of packed beads) at 4 °C
for 1 h. At the end of incubation, the beads were washed five times with
lysis buffer. The resulting immunoprecipitated immunocomplexes were
solubilized in 40 ul of Laemmli sample buffer, resolved by SDS-PAGE,
and transferred to a nitrocellulose membrane. The protein complex was
detected by Western blot analysis and developed by ECL (Pierce;
Supersignal).

In Vitro Kinase Assay—XKinase reactions of immunoprecipitated
PAK6 were performed in kinase buffer (50 mmM HEPES, pH 7.4, 10 mMm
MgCl,, 2 mm MnCl,, and 2 mMm dithiothreitol, 200 uM ATP) supple-
mented with 2.5 upg/reaction of histone H4 and 20 uCifreaction of
radioactive ATP. The reactions were incubated for 30 min at 30 °C and
stopped by the addition of sample buffer containing SDS. The reactions
were resolved by SDS-PAGE, and autoradiography of radiolabeled pro-
tein was performed.
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In Vitro Kinase Assay:
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Fic. 1. Inhibition of PAK6 kinase activity by p38 MAP kinase
inhibitor SB203580. Various agents were used to treat HEK293 cells
transiently transfected with HA-PAKGS for 24 h. The cells were treated
with pharmacological agents for 1 h before being subjected to the
immunoprecipitation protocol. PAK6 was immunoprecipitated from cell
lysates with anti-HA mAb 12CA5, and its kinase activity was assayed
in the presence of histone H4 and [y-*?PJATP. Both autophosphoryla-
tion and substrate phosphorylation were analyzed after SDS-PAGE and
autoradiography. The upper panel shows the autophosphorylation of
PAKS6. The lower panel shows the phosphorylation of exogenously
added histone H4 substrate. The dosages used were: SB203580, 25 pM;
PD98059, 100 pm; SP600125, 10 uM; LY294002, 20 pm; U0126, 50 pM;
and forskolin, 10 um.

RESULTS

PAKS Is Inhibited by p38 MAP Kinase Antagonist—In con-
trast to PAK1, PAK6 exhibits readily detectable basal kinase
activity even in the absence of exogenous stimulation. To de-
termine the molecular mechanisms that regulate PAK6 kinase
activity, we tested a group of agents with known specificity
either as inhibitors or as activators of their respective path-
ways. HEK293 cells were transiently transfected with HA-
tagged PAKS6 for 24 h and then treated with drugs for 1 h prior
to immunoprecipitation with an anti-HA antibody. Kinase ac-
tivities in the immunoprecipitates were then measured by in
vitro kinase assays, using histone H4 as an exogenous sub-
strate. Among nine tested agents, only the p38 MAP kinase
inhibitor SB203580 exhibited inhibitory effects on PAK6 ki-
nase activity, with reduced autophosphorylation and reduced
phosphorylation of the exogenous histone H4 substrate (Fig. 1).

PAKS6 Is Activated by p38 MAP Kinase Upstream Activator
MKK6—Inhibition of PAK6 kinase activity by SB203580 sug-
gested that the p38 MAP kinase pathway was regulating PAK6
activity. To further test this possibility, we co-transfected
HEK293 cells with HA-tagged PAKS6 and a constitutively active
MKK6, MKK6(EE), an upstream activator of p38 MAP kinase
(9, 10). The effect on PAKS6 kinase activity was then assessed by
in vitro immunoprecipitation kinase assays. As shown in Fig.
2A, MKK6(EE) caused an increase in PAK6 autophosphoryla-
tion and histone H4 phosphorylation. Immunoblotting of the
immunoprecipitates with the anti-HA antibody confirmed that
PAK6 protein expression was not altered, indicating that
MKKS6(EE) increased PAKS kinase activity (Fig. 2B).

The involvement of p38 MAP kinase in this PAKS6 activation
by MKK6(EE) was examined by assessing the inhibitory effect
of SB203580. Significantly, although SB203580 markedly
down-regulated PAK6 activity in the absence of MKK6(EE), it
only partially inhibited the MKK6(EE)-induced activation of
PAKS (Fig. 2C). This partial inhibition was consistent with the
high level of p38 MAP kinase activation in the MKK6(EE)-
transfected cells (Fig. 2D). However, the substantial PAK6
activation in the MKK6(EE)-transfected and SB203580-
treated cells also suggested a p38 MAP kinase-independent
mechanism for PAK6 activation.

To further address the role of p38 MAP kinase in PAK6
activation, we attempted to identify a site that was phospho-
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Fic. 2. MKK6-induced PAKS6 activation is down-regulated by
SB203580. A, 293 cells were transiently co-transfected with both HA-
PAKS and various dosages of constitutively active mutant MKK6(EE).
In vitro kinase activity was assessed by a kinase assay on the immu-
noprecipitated PAK6. B, equal amounts of PAK6 from the immunopre-
cipitation in A were immunoblotted with anti-HA. C, the effect of
SB203580 on MKK6-activated PAKS6 kinase activity was measured by
an IP/kinase assay using cell lysates of 293 cells transiently co-trans-
fected with MKK6 and PAK6 that were treated with or without
SB203580. D, the phosphorylation status of p38 MAP kinase in re-
sponse to MKK6 activation was confirmed by Western blot analysis
using an anti-p38 phospho-specific antibody (upper panel) or total p38
(lower panel).

rylated by p38 MAP kinase. Aided by an on-line kinase sub-
strate site analysis, Scansite (scansite.mit.edu), we identified a
potential p38 MAP kinase phosphorylation site at serine 165 of
PAKS. To characterize the role of Ser-165 in p38 MAP kinase-
mediated PAK6 activation, we generated a serine-to-alanine
(S165A) substitution mutant of PAK6 by site-directed mu-
tagenesis. Consistent with SB203580 down-regulation of PAK6
kinase activity, substitution of Ser-165 with alanine dramati-
cally reduced basal PAKS6 kinase activity (Fig. 3A, lane 1 versus
lane 3) as well as MKK6-stimulated activity (Fig. 34, lane 2
versus lane 7). However, despite the down-regulation of kinase
activity in the PAK6 S165A mutant, it remained responsive to
MKKS6-induced activation in a dose-dependent manner (Fig. 34).
Fig. 3B shows that the serine-to-alanine mutation, or MKK6
co-transfection, did not markedly alter PAKS6 protein expression.
Taken together, these findings indicated PAK6 could be activated
by p38 MAP kinase-mediated phosphorylation of serine 165 but
also suggested a second mechanism for activation by MKKS.

PAKB® Activity in Response to MKK6 Is Regulated by Sites in
the Kinase Domain—The result that the S165A PAK6 mutant
remained responsive to MKKS6 indicated that additional target
site(s) in PAK6 might be involved in p38 MAP kinase-mediated
activation. To test this hypothesis, a series of PAK6 deletion
mutants were employed to map additional region(s) of PAK6
that may participate in the MKK6-p38 MAP kinase-induced
activation. Although the basal activities varied, co-transfected
MKK6(EE) remained effective in up-regulating the kinase ac-
tivities of PAK6 deletion mutants that extend from the N
terminus to the region covering only the catalytic domain (A368
deletion mutant) (Fig. 44). The levels of expression of wild type
and deletion mutants in the control and MKK6(EE) co-trans-
fected groups were similar, as shown in Fig. 4B. This result
suggested that additional sites in the kinase domain were
susceptible to activation by MKK6.

PAK6 Is Phosphorylated on Tyrosine upon MKK6 Activa-
tion—To identify potential MKK6-p38 MAP kinase target res-

{&) In Vitro Kinase Assay:
34667
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Fic. 3. Substituting serine 165 with alanine down-regulates
MKK6-induced PAK6 activation. A, 293 cells were transiently co-
transfected with HA-PAK6 WT or S165A and with various dosages of
constitutively active mutant MKK6(EE). In vitro kinase activities were
determined by a kinase assay on the immunoprecipitated PAK6. B,
anti-HA Western blot of PAK6 WT and S165A mutants in A.

{A) In vitro Kinase Assay
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Fic. 4. Mapping PAK6 domain susceptible to MKK6-induced
activation. A, 293 cells were co-transfected with MKK6(EE) and HA-
tagged PAK6 WT full length and N-terminal deletion mutants A190,
A292, or A368, respectively, for 24 h (all with N-terminal HA tags). The
kinase activities of PAK6 WT, and N-terminal deletion mutants were
determined by an IP kinase assay using anti-HA 12CA5 mAb. B, West-
ern blot analysis showed equal levels of expression of PAKS6 full length
and deletions.

idue in the PAKS6 kinase domain, we examined the sequence of
PAK6 within this domain. No additional candidate p38 MAP
kinase sites were found, but the activation loop contained a
threonine-proline-tyrosine (TPY) sequence (residues 564 -566)
that resembled the substrate motif (TXY) recognized by MKK6
(14, 15). This motif was also present in the activation loop of
MAP kinases and PAK1-6 but not in most other kinases (see
Fig. 84). MKKG is a dual specificity kinase that recognizes and
phosphorylates both threonine and tyrosine residues on the
TXY motif of its substrate. The identification of TPY within the
PAKG6 activation loop suggested that PAK6 might be a direct
substrate of MKKS. If this is the case, then one should detect
increased tyrosine phosphorylation of PAK6 upon MKK6(EE)-
induced activation. Reciprocal immunoprecipitation (IP)/West-
ern blot analyses were performed to test this possibility.
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Fic. 5. Tyrosine phosphorylation of PAK6 by MKK6 but not by
MKK1. 293 cells were co-transfected with HA-PAK6 and MKK6(EE) or
MKK1(DD) and further incubated for 24 h. PAK6 was immunoprecipi-
tated with anti-PAK6(B16) antiserum or with anti-phosphotyrosine
(a-PY) 4G10 mAb. The immunoprecipitates were resolved by SDS-
PAGE followed by reciprocal Western blot analysis. In both A and C, an
increased tyrosine phosphorylation of PAK6 was evident in MKK6(EE)
co-transfected group. B, comparable levels of PAK6 in the anti-
PAK6(B16) immunoprecipitates were demonstrated by Western blot
using anti-HA mAb.

PAK6 was immunoprecipitated from transfected cells with a
polyclonal antibody raised against PAK6 (B16) and then im-
munoblotted with anti-phosphotyrosine antibody (4G10). An
increase in tyrosine phosphorylation in the anti-PAK6 immu-
noprecipitates was detected when PAK6 was co-expressed with
MKKS6(EE) (Fig. 5A). In contrast, no change in tyrosine phos-
phorylation of PAK6 was detected when it was co-transfected
with the constitutively active MKK1(DD), a related member
of the MAP kinase kinase family (16). Immunoblotting with
anti-HA showed that the immunoprecipitates contained com-
parable levels of total PAK6 (Fig. 5B). In the reciprocal ex-
periment, the lysates were immunoprecipitated with the anti-
phosphotyrosine 4G10 antibody and then immunoblotted for
PAK6. As shown in Fig. 5C, MKK6 co-transfection increased
the level of PAK6 that was immunoprecipitated by anti-phos-
photyrosine 4G10.

To further address the phosphorylation of Tyr-566 by MKK®6,
a dual specificity phosphatase, MKP-1, which can dephospho-
rylate both threonine and tyrosine on the TXY motif (17), was
tested in IP/Western blot experiments. MKP-1 co-transfection
in the absence of MKK6(EE) markedly decreased the basal
tyrosine phosphorylation of PAK6 (Fig. 6, A and B, lane 1
versus lane 3). MKP-1 co-transfection similarly reduced the
level of MKK6-induced tyrosine phosphorylation of PAKS (Fig.
6, A and B, lane 2 versus lane 4). Fig. 6C demonstrates that
total PAK6 expression levels were not altered by MKP-1 (lane
1 versus lane 3 and lane 2 versus lane 4). Finally, in vitro kinase
assays were carried out to assess the correlation between the
loss of tyrosine phosphorylation induced by MKP-1 and PAK6
kinase activity. Consistent with the tyrosine phosphorylation
results, MKP-1 down-regulated basal and MKK6-stimulated
PAKS6 kinase activity on the exogenous histone H4 substrate
(Fig. 6D). Basal autophosphorylation was also decreased by
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Fic. 6. Down-regulation of MKK6-induced PAK6 tyrosine
phosphorylation and kinase activation by dual specificity phos-
phatase MKP-1. 293 cells were co-transfected with HA-PAK6 and
MKK6(EE) or MKP-1 and further incubated for 24 h. PAK6 was immu-
noprecipitated with anti-HA 12CA5 mADb or with anti-phosphotyrosine
(aPY) 4G10 mAb. The immunoprecipitates were resolved by SDS-PAGE
followed by reciprocal Western blot analysis. The results are shown in
A and B. MKP-1 dephosphorylates PAK6 tyrosine residue under basal
and MKK6-stimulated conditions, as evident from the reduced immu-
noreactivity of PAK6 with anti-phosphotyrosine 4G10 mAb. C, compa-
rable amounts of PAKS6 in lysates derived from each group were dem-
onstrated by Western blot analysis. D, down-regulation of PAK6 kinase
activity by MKP-1 co-transfection was demonstrated by an IP kinase
assay using 293 cells co-transfected with PAK6 and with MKK6(EE) or
MKP-1. Kinase activity was determined by an in vitro kinase assay
with [*2P]ATP using the anti-HA immunoprecipitated kinase and ana-
lyzed by SDS-PAGE followed by autoradiography.

MKP-1, although the effects on autophosphorylation in the
MKKS6-transfected cells were less prominent.

Substitution of Tyr-566 with Phenylalanine Down-regulates
PAK6 Activation by MKK6—To assess more directly the in-
volvement of Tyr-566 phosphorylation in PAK6 activation, we
generated a mutant PAK6 (Y566F) by substituting the Tyr-566
residue with a phenylalanine. This mutation markedly reduced
the level of basal PAKS6 tyrosine phosphorylation (Fig. 7, A and
B, lane 1 versus lane 3). Similarly, the Y566F mutation mark-
edly reduced the tyrosine phosphorylation stimulated by
MKKS6 (Fig. 7, A and B, lane 2 versus lane 4). Fig. 7C demon-
strates that the wild type and mutant PAK6 constructs were
expressed at comparable levels. These results indicated that
Tyr-566 was a major site of basal and MKK6-stimulated tyro-
sine phosphorylation, although perhaps not the only site, be-
cause the Y566F mutation did not completely eliminate MKK6-
induced tyrosine phosphorylation.

We next examined the effects of the Y566F mutation on basal
and MKK6-stimulated PAK6 kinase activity. Substitution of
Tyr-566 with phenylalanine reduced basal PAK6 autophospho-
rylation and kinase activity toward the exogenous histone H4
substrate (Fig. 7D, lane 1 versus lane 3) and reduced the mag-
nitude of MKK6-stimulated PAK6 kinase activation (Fig. 7D,
lane 2 versus lane 4). Moreover, a double mutation of S165A
and Y566F completely abrogated the MKK6-stimulated PAK6
activation (Fig. 7D, lane 8). Therefore, although MKK6 may
directly or indirectly stimulate the phosphorylation of addi-
tional tyrosines, serine 165 and tyrosine 566 appear to be the
critical sites mediating MKK6-stimulated PAK6 kinase activ-
ity. Taken together, these data indicate that MKK6 activates
PAK6 by direct phosphorylation of the TXY motif located
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within the activation loop and by stimulating p38 MAP kinase-
mediated phosphorylation of serine 165.

MKK6/p38 MAP Kinase Pathway Regulates Other Members
of PAK Family—As indicated above, the activation segments of
PAK1-6 all contain similarly positioned TPY sequences (Fig.
8A). These are located four amino acids C-terminal to con-
served serines (PAK4-6) or threonines (PAK1-3), which are
autophosphorylated and also regulate kinase activity (see be-
low). This TXY motif is absent from most other serine/threo-
nine kinases, and the positioning of the motif in the MAP
kinases is distinct. These observations suggest that activation
induced by MKK6 may be common among PAK family kinases.
Therefore, additional members of the PAK family (HA-tagged
PAK1, PAK4, and PAK5) were tested in the same co-transfec-
tion studies coupled with in vitro kinase assays.

Consistent with previous reports, PAK4 and PAK5 had
readily detectable basal kinase activities. Both PAK4 (Fig. 8B,
lanes 5 and 6) and PAKS5 (Fig. 8B, lanes 3 and 4) responded to
MKK6(EE) co-transfection with, respectively, 4.7- and 3.2-fold
increases of kinase activity in a fashion similar to PAK6 (Fig.
8D, lower panel). In contrast, PAK1 was inactive both in the
absence and presence of MKK6(EE) (Fig. 8, B, lanes 7 and 8,
and D, lower panel) but was strongly stimulated by co-trans-
fection with a constitutively active valine 12 mutant of Cdc42
(Cdc42-V12). However, MKK6(EE) co-transfection had a mar-
ginal effect on further promoting Cdc42-activated PAK1 activ-
ity, with no change in enzymatic activity toward exogenous
substrate histone H4 and a small 22% increase of autophos-
phorylation (Fig. 8, B, lanes 9 and 10, and D). Immunoblotting
with an anti-HA antibody confirmed that each of the kinases
was expressed at comparable levels within each group (Fig.
8C). These results indicate that members of the group 2 PAK
family (PAK4, 5, and 6) share a common mechanism of being
stimulated via the MKK6-p38 MAP kinase pathway.

Serine 560 Phosphorylation in Activation Loop Is Required
for MKK6-mediated Stimulation—A serine residue conserved
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among group 2 PAKs is located at position 560 within the
activation loop of the PAK6 kinase domain (Fig. 8A). This
serine residue corresponds to the autophosphorylated regula-
tory threonine 423 in the activation loop of PAK1 and was
previously shown (using a phosphoserine 560-specific antibody)
to be autophosphorylated under basal conditions in PAK6 (11).
This phospho-specific antibody was used to determine whether
MKK6-p38 MAP kinase activation increased phosphorylation
at this site. As shown in Fig. 94, MKKG6 co-transfection did not
alter Ser-560 phosphorylation level (lane 1 versus lane 2). The
specificity of the antibody was confirmed by the lack of reac-
tivity to mutants in codon 560 (lanes 3-5), and equivalent total
PAK6 expression was confirmed by immunoblotting for the
HA epitope tag (Fig. 9B). Finally, although MKK6 did not
increase Ser-560 phosphorylation, we next determined
whether phosphorylation at this site was necessary for PAK6
activation by MKK6-p38 MAP kinase. Significantly, muta-
tion of this site to alanine (S560A) markedly diminished the
basal activity and abrogated stimulation by MKK6 (Fig. 9C,
lanes 3 and 4).

In PAK]1, substitution of threonine 423 with a glutamic acid
(T423E) that mimics a negatively charged phosphothreonine
residue results in constitutive activation of the kinase, whereas
substituting threonine with alanine ablates kinase activity (12,
13). To further characterize the role of serine 560 phosphoryl-
ation in PAK6 activation, we generated PAK6 mutants by

- substituting the serine 560 with either negatively charged glu-

tamic acid (S560E) or aspartic acid (S560D). The enzymatic
activities of these mutants were tested along with wild type
PAK6 and MKK6-p38 MAP kinase activated wild type PAKS6.
As shown in Fig. 9C (lanes § and 7), substitution of negatively
charged residues (S560E or S560D) did not stimulate kinase
activity but instead markedly repressed basal kinase activity.
Similarly to the S560A mutation, these mutations also com-
pletely abrogated PAK6 activation by MKK6 (lanes 6 and 8).
Taken together, these results indicated a critical MKK6-inde-
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(A) Kinase Activation Domain Alignment:

Subdomain
Activation Loop
VII VITX

KINASE

PAK6  DFGFCAQISKDVPKRK--~SLVGTPYWMAPE
PAKS  DFGFCAQVSKEVPKRK---BLVGTPYWMAPE
PAK4  DFGFCAQVSKEVPRRK---SLVGTPYWMAPE
PAK1  DFGFCAQITPEQSKRS---TMVGTPYWMAPE
PAKZ  DFGFCAQITPEQSKRS---TMVGTPYWMAPE
PAK3  DFGFCAQITPEQSKRS-—~TMVGTPYWMAPE

p38a  DEGLARHTDDEM-~-=-= TGYVATRWYRAPE
p38b  DFGLARQADEEM------ TGYVATRWYRAPE
JNK1  DFGLARTAGTSEMM----TPYVVTRYYRAPE
JNK2  DFGLARTACTNEMM---~TPYVVTRYYRAPE

Erkl DFGLARIADPEHDHTGFLTEYVATRWYRAPE
Erk2 DEGLARVADPDHDHTGFLTEYVATRWYRAPE
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Fic. 8. Specificity of MKK6-induced PAK activation. A, sequence alignment of the activation loop region between catalytic subdomains VII
and VIII of PAKs and MAP kinase family members. In both group 1 and group 2 PAKs, in addition to the previously defined autophosphorylated
threonine or serine residues, a conserved TXY motif was also found within the activation loop. B, kinase activity of MKK6-modulated PAKs. 293
cells were co-transfected with MKK6(EE) and one of the following HA-tagged PAK family members: PAK1, PAK4, PAKS5, or PAK6. Additionally,
PAK1 was also tested by co-transfecting with a constitutive active Cdc42-V12. The kinase activity was determined by an in vitro kinase assay with
anti-HA mAb immunoprecipitated kinases and analyzed by SDS-PAGE followed by autoradiography. C, Western blot demonstrated the compa-
rable level of expression within individual PAK testing group. D, quantitation of kinase reactions from B using a PhosphorImager. The upper panel
depicts levels of autophosphorylation of various PAKs. The lower panel depicts kinase activity toward histone H4. The numbers on top of each PAK

group indicate fold activation in response to MKK6 co-transfection.

pendent role for serine 560 autophosphorylation in regulating
PAKS kinase activity.

DISCUSSION

PAKS is classified as a PAK family member based on homol-
ogy in the kinase domain and in its N-terminal CRIB domain.
However, in contrast to PAK1 and the other group 1 PAKs,
PAKS6 kinase activity is not stimulated by Cdc42 or Rac bind-
ing, and the mechanisms that regulate its kinase activity have
been unclear. This study found that basal PAKS6 kinase activity
was repressed by a p38 MAP kinase antagonist and could be
strongly stimulated by activation of the MKK6-p38 MAP ki-
nase pathway. A role for p38 MAP kinase in directly regulating
PAKS6 was further supported by a marked decrease in kinase

activity upon mutation of a consensus target site at serine 165.
PAKS6 was also directly activated by MKKS6, and this activation
was dependent upon tyrosine 566 in the activation loop of the
PAKS®6 kinase domain. Significantly, this tyrosine is part of an
MKK6 dual specificity kinase substrate motif, TXY, that is
found in the activation loop of MAP kinases and in the other
PAKSs but is absent from most other kinases. Finally, PAK6
kinase activity was also dependent upon an autophosphoryl-
ated serine (serine 560) in the activation loop. These results
indicate that PAK6 kinase activity is regulated by both auto-
phosphorylation and MAP kinase kinase-mediated phosphoryl-
ation of residues in its activation loop and by p38 MAP kinase
mediated phosphorylation outside the kinase domain.

The kinase activity of PAK1 is regulated by an AID in the
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N-terminal half of the molecule downstream of the CRIB do-
main, which binds to and represses the catalytic domain (1, 2,
12, 18 -21). The binding of GTP-Rac or GTP-Cdc42 to the CRIB
domain causes the AID to dissociate from the catalytic domain,
with subsequent phosphorylation of residues in the AID and of
Thr-423 in the activation loop of the catalytic domain (12, 13,
18, 22). In contrast to PAK1 and the other group 1 PAKs (PAK2
and PAKS3), this AID is not conserved in PAKS or in the other
group 2 PAKs (PAK4 and PAKS5), and the kinase activities of
the group 2 PAKs are not stimulated by Cdc42 binding. None-
theless, the group 2 PAKSs contain serine at a position homol-
ogous to the autophosphorylated threonine 423 of PAK1 (serine
560 in PAKS). Significantly, constitutive autophosphorylation
of this serine 560 in PAK6 was recently demonstrated using a
phospho-specific anti-PAK6-Ser-560 antibody (11), consistent
with the lack of an AID.

Thr-423 in PAK1 and Ser-560 in PAK6 are located at the
center of the activation loop within the catalytic domain. Crys-
tallographic studies of PAK1 indicate that the phosphorylation
of this residue stabilizes the interaction between the activation
loop and substrate (1). Consequently, substituting Thr-423
with a negatively charged glutamic acid residue renders PAK1
constitutively active. In PAK4, mutating the corresponding
Ser-473 to glutamic acid also results in constitutive kinase
activity (23, 24). In contrast, we found that substituting the
PAKS6 Ser-560 with glutamic acid or aspartic acid diminished
kinase activity, indicating that these negatively charged resi-
dues were not equivalent to phosphorylation in the case of
PAK6. More importantly, replacement of serine 560 with ala-
nine resulted in the almost complete abrogation of kinase ac-
tivity, confirming a critical role for this site.

Although PAKS6 does not appear to have an AID, and Ser-560
phosphorylation appears to be constitutive and required for
kinase activity, we cannot yet rule out the possibility that
Ser-560 phosphorylation also negatively regulates PAK6 inter-
action with an undefined inhibitory domain. One recent report
describes as the “autoinhibitory” domain of the PAK5 a region
that bears almost no sequence homology to other members of
the PAK family (25). This region (residues 60-180) is located
directly downstream of the PAK5 CRIB domain and appears to
be able to down-regulate PAKS5 kinase activity in vitro. This
result raises the interesting possibility that regions immedi-
ately following the CRIB domain of group 2 family PAKs may
regulate the catalytic domain. If this is the case for PAK6, then
the identification of serine 165 as a p38 MAP kinase substrate
site would suggest that PAK6 activation may be initiated by
phosphorylation of this site and that this activation signal may
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then be amplified by Ser-560 phosphorylation and subsequent
MKX6 phosphorylation of the activation loop.

The highly conserved activation loops in PAK1-6, each con-
taining the TXY motif, indicate that dual regulation by auto-
phosphorylation and MKK6 may be common to other members
of the PAK family. Indeed, the kinase activities of PAK4 and
PAKS5 were also stimulated by MKKS6, consistent with the
MKEKS regulation of the group 2 PAKs. In contrast, in response
to MKKS6 co-transfection, only a marginal increase of Cdcd2-
activated PAK1 autophosphorylation was observed, but its ki-
nase activity toward exogenous substrate histone H4 remained
unchanged. This was not due to a dominant inhibitory effect of
the AID, because MKK®6 failed to enhance the activation me-
diated by activated Cdc42. These results suggest that activa-
tion by MKK6 may be unique among the group 2 PAKs, al-
though it is possible that there are more subtle effects on PAK1
or that additional priming events are needed. Alternatively,
the TPY motif in the group 1 PAKs may be recognized by another
kinase.

Although the PAK and MAP kinase families appear to share
a functional TXY MAP kinase kinase motif, its position is
shifted toward the C terminus of the activation loop in the
PAKs. Moreover, PAKs differ from the MAP kinases in that
they have a regulatory serine or threonine located in the center
of the activation loop. Further structural studies are needed to
determine precisely how phosphorylation at these multiple
sites affects the activation loop and kinase activity. Nonethe-
less, the shared mechanism of activation by PAK6 and p38
MAP kinase suggests that PAK6 (and likely other PAKs) has a
unique and specialized role in the cellular response to stress-
related signals.
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Abbreviations

AR, androgen receptor

CSD, caveolin scaffolding domain

E2, 17B-estradiol

eNOS, endothelial nitric oxide synthase

EGFR, epidermal growth factor receptor

ERa /B, estrogen receptor o,

ERK, extracellular signal regulated protein kinase
hCG, human chorionic gonadotrophin

IGF-1R, insulin-like growth factor-1 receptor
IL-4, -6, interleukin-4 and -6

LBD, ligand binding domain

MAP kinase, mitogen activated protein kinase
MNAR, modulator of nongenomic activity of estrogen receptor
mTOR, mammalian target of rapamycin

PCa, prostate cancer

PI3K, phosphoinositide-3-kinase

PKB, protein kinase B (Akt)

PR, progesterone receptor

pTyr, phosphotyrosine

SH2 /SH3, Scr-homology domain 2 or 3

STATS, signal transducer and activator of transcription-3

Lu, Michael, L., Ph. D.
2



Lu, Michael, L., Ph. D.

Trends in Endocrinol Metabol review draft 3
Abstract

Emerging evidence indicates that nuclear receptors for steroid hormones can signal
by “nongenomic” mechanisms that operate independently of their transcription function.
These signal transduction processes occur within seconds to minutes vafter initiation with
agonist and involve interactions of the nuclear receptors with other signaling proteins in the
cytoplasm and at membrane surfaces. This review provides an overview of published
information on possible nongenomic activities of the androgen receptor (AR) and other
nuclear receptors, with a focus on the potential involvement of these processes in prostate
cancer. We discuss the hypothesis that the cholesterol-rich lipid raft compartment(s) of
cancer cell membranes may provide privileged sites for nongenomic signals mediated by

the AR.
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Androgen and prostate cancer

Prostate cancer (PCa) is a leading cause of premature death in Western countries '. An
estimated 189,000 men were diagnosed with PCa in 2002 in the US and in the same year an
estimated 30,200 died from this disease 2. There is no effective therapy for disseminated PCa.
Late-stage patients are managed primarily in a palliative manner and experience
considerable morbidity. Androgen ablation remains, after many decades, the principal
treatment paradigm for PCa not confined to the primary site. However, relapse from
hormonal therapy is almost certain and most patients with metastases progress to end-stage
disease regardless of treatment strategy. The lack of progress on clinical options for PCa
patients reflects our poor understanding of the molecular and cellular mechanisms

underlying disease etiology and progression.

PCa is known as a “hormone-dependent” disease because the prostate requires
testicular androgens for the performance of its secretory function, and PCa cells retain this
sensitivity to androgen. Androgens are believed to be the primary soluble mediators of
growth and homeostatic survival of prostate epithelial cells in situ >. PCa cell growth and
survival pathways respond decisively to androgen, indicating that this class of steroids is a
fundamental mediator of PCa cell physiology. An extensive literature exists on this topic
and most investigators believe that androgenic signaling is important for tumor growth and
disease progression in prostatic maligancy. Nevertheless, aggressive PCa is generally
considered to be “androgen-independent” because of the uniform failure of therapies
designed to block androgenic signaling. The mechanisms by which PCa progresses from an

androgen-dependent to an androgen-independent disease are not understood.

The .principal molecular target for androgen is the androgen receptor (AR), a
member of the nuclear receptor family of ligand-dependent transcription factors. AR binds

to specific chromatin regions in concert with other transcriptional regulators and controls
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the expression of a wide range of target genes . Although AR function is normally highly
dependent on the availability of sufficient levels of androgen to directly bind and activate
the receptor, many independent lines of evidence now indicate that the AR likely plays a
major role in androgen-independent disease, i.e., in the absence of significant levels of
hormone °. The mechanisms underlying AR activation by the extremely low levels of
androgen present in the castrate condition, or the manner in which “ligand-independent”
activation of the AR can occur, are only beginning to be revealed. The changes in androgen
signaling that occur in PCa are diverse, and include alterations in the availability or activity
of AR co-activators and repressors **”, somatic mutations in the AR gene that change the

expression level, ligand-binding or other properties of the receptor *', and changes in

signaling mechanisms that impinge on AR-mediated signal transduction pathways ™.
Despite recent insights into the manner in which the AR contributes to disease progression,

the precise roles played by the AR in PCa are still poorly understood, particularly in the low

androgen condition.

Nongenomic nuclear receptor signals

In the classical paradigm, AR exerts its biological effects by activating transcription of
target genes, a process known as the "genotropic signal". In addition to the well-established
role of steroid hormone receptors as transcription factors, there is now considerable

) 13,18

experimental evidence that AR ™7, estrogen receptors -a and -B (ERa/ERB , several

) 2!, and other proteins in the nuclear receptor protein

types of progesterone receptors (PR
family %, can mediate signaling activities by “nongenomic” mechanisms 2. A nongenomic
activity is understood to be extremely rapid (min vs h) and indifferent to treatment with
inhibitors of transcription or protein synthesis, such as actinomycin D and cycloheximide.
Evidence that steroids can exert physiological effects rapidly (e.g., effects of estrogen that

occur in tissues within seconds) has actually existed for decades %, however it was not until

recently that some of the mechanistic aspects of this process came into view.
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Although some nongenomic effects of nuclear receptor ligands may be resistant to
nuclear receptor antagonists », it is now clear that nongenomic steroidal effects can involve
the classical nuclear receptors . This conclusion arises because rapid actions of steroids
have been described that can be completely inhibited by well-characterized pharmacologic
antagonists of the classic receptor proteins ™. In addition, the fact that steroid receptors
reside in multiprotein complexes in the cytoplasm prior to ligand binding and nuclear
translocation allows for the possibility of productive interactions with molecules in the
cytosol or at extranuclear membrane surfaces. Because activated, ligand-bound receptors
require 30 min to 1 h to translocate to the nucleus, such interactions are also theoretically

possible in the presence of hormone®.

Cytosolic signal transduction cascades have been demonstrated to be rapidly
activated by mechanisms involving classic steroid hormone receptors and cytoplasmic and
membrane effector proteins. 17p-estradiol (E2) was shown to activate endothelial nitric
oxide synthase (eNOS) in vascular endothelial cells within minutes by a mechanism
involving ERa phosphoinositide-3-kinase (PI3K) and the Akt/PKB serine-threonine
kinase '. This rapid process, which complemeﬁts classical genomic effects of estrogen on
vascular pathways ¥, may partially explain the cardioprotective effects of estrogen.
ERa  but not ERB, was found capable of activating signaling from the insulin-like growth
factor-1 (IGF-1) receptor by a mechanism involving direct binding of ERa to the IGF-1R %,
Membrane ERo has also been recently shown to form signaling complexes with other

receptor tyrosine kinases, such as the proto-oncoprotein ErbB2, with subsequent activation

of the PI3K-Akt pathway .

Although there is currently less information on possible nongenomic roles for the

AR than for the ERs, nongenomic actions of androgen have been described in at least 10
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different cell types *. Some of these may involve interactions between ligand and

nonclassical receptor systems. Although only one AR has been identified to date, three

2021 a family of seven transmembrane

isoforms of novel membrane progesterone receptors
G protein coupled receptors, were recently cloned and characterized, demonstrating that
specialized, membrane-localized steroid receptors may be involved in the generation of
certain types of rapid signals. Given the structural similarity between the ligand binding

domains of classical AR and PR, it is plausible that novel membrane ARs belonging to this

family may yet be found.

Perhaps the most unambiguous example of a distinctive nongenomic signal
mediated by classical ARs is the recent demonstration that oocyte maturation, a process
elicited by steroid hormones in seconds to minutes and which does not involve gene
transcription, is susceptible to inhibition by classical AR antagonists in both Xenopus !’
and mouse *! oocytes. Although progesterone was thought to be the physiologically relevant
steroid involved in oocyte maturation in Xenopus, examination of ovarian extracts
following injection of frogs with human chorionic gonadotrophin (hCG) revealed nearly
undetectable levels of progesterone, while androstenedione and testosterone were
abundant®. Thus, studies of steroid effects on oocytes suggest that androgens may be the
primary physiologic mediator of release from meiotic arrest in oocyte maturation, with the
principal hormonal effect being activation of a nongenomic, rather than a classical
genotropic, signaling mechanism. Although the oocyte system is a rather specialized case,

these observations demonstrate the potential for physiologically important membrane- or

cytoplasm-initiated androgenic signals.

Another recently reported nongenomic pathway was demonstrated in experiments
with the LNCaP human PCa cell line. Cells treated with E2 or androgen resulted in

stimulation of cell proliferation mediated by the rapid formation of a cytosolic signaling
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complex containing ERa or ERB (depending on cell type), AR and the nonreceptor tyrosine
kinase, Src . In that study, complex formation and downstream signaling were inhibited by
specific ER and AR antagonists, verifying the participation of the classical steroid receptors
in the complex. Interaction between the SH2 domain of Src was mapped to the pTyr 537
residue of ERa and interaction with the Src SH3 domain with a proline-rich region of the
AR. More recently, a scaffolding protein named "modulator of nongenomic activity of
estrogen receptor” (MNAR) was identified as an element of this signaling pathway *. Upon
E2 stimulation, a ternary complex comprised of ERa, Src and MNAR is formed and
activation of Src/ MAP kinases ensues. MNAR contains multiple LXXLL motifs as well as
two proline-rich regions with multiple PXXP motifs, which mediate interactions with ERa
and the Src SH3 domain, respectively. Further clarification of the rates of formation and the
protein components of this and similar cytosolic complexes activated by hormones will
provide additional insight into the manner in which extranuclear steroid receptors are

involved in processing signals relevant to tumor cell behavior.

Targeting AR to lipid rafts/caveolae

Despite accumulating evidence of signaling events involving cytosolic, membrane-
proximal AR, the mechanism of AR targeting to, and participation in, signaling at or near
the plasma membrane or other cellular membranes is still unclear. One potential mechanism
is direct association of AR with an integral membrane component through direct interaction.
In support of this notion, AR was recently shown by one of us (M.L.L.) to reside in LNCaP
cells in association with low density membrane fractions isolated by sucrose gradient
ultracentrifugation . In that study, AR was demonstrated to interact directly with the
integral membrane protein, caveolin-1. Using a mammalian two-hybrid system, AR
domains required for interaction with caveolin included both the N-terminal AF1 domain
and the ligand-binding domain (LBD). This study on AR is mirrored by the finding that ERa.

can also specifically interact with caveolin-1 *. Interaction motifs within ERa were mapped
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to the N-terminal AF1 domain; specifically, to two motifs, YNYPEGAAY and FGSNGLGGE,
which were shown to mediate the interaction with the caveolin scaffolding domain (CSD).
The CSD was previously identified in caveolin-interacting molecules that contain either
HXXPXXXX9 or pXXXX$X¢ (¢ represents a hydrophobic residue and X can be any residue).
Peptides containing this motif have been shown to disrupt interactions with caveolin.
Interestingly, similar CSD  binding motifs are also present in AR
(YSWMGLMVFAMGWRSEF) and in mineralocorticoid receptor (FPEMDGSYESE), although

the potential role of these regions in signaling remains to be characterized.

A recent study by Acconcia et al. *® demonstrated that palmitoylation of cysteine 477
in the LBD of ERa mediates its plasma membrane localization. HeLa cells ectopically
expressing a Cys477Ala substitution mutant failed to localize to ERa to the plasma
membrane. Significantly, ERa Cys477Ala failed to elicit E2-induced rapid activation of
ERK/MAP kinase signaling. E2 was also shown to reduce both ERa palmitoylation and its
interaction with caveolin in a time- and dose-dependent manner. Although AR has not been
shown to be palmitoylated, the findings with ERo underscore the relevance of
posttranslational modifications with membrane targeting capacity to hormone receptor
function. These modifications may provide the opportunity for permissive or- facilitated
interactions between the nuclear receptor proteins and integral membrane proteins, such as

caveolins, with implications for regulation of downstream signaling.

Cytosolic androgen receptor and cholesterol-rich lipid rafts

The links between AR and floating fractions in sucrose gradients and to caveolin-1
described above place AR within plasma membrane structures called caveolae and/or
within cytosolic membrane organelles that communicate with caveolae. Caveolae are an
invaginated form of membrane microdomain most commonly referred to as “lipid rafts”.

Lipid rafts are cholesterol- and sphingolipid-rich components of the plasma membrane that
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are resistant to extraction with cold nonionic detergents and which exhibit light buoyant
density in sucrose gradients *. Because of their lipid composition, detergent-resistant, lipid
raft membranes, which probably comprise about 10% of the plasma membrane area, possess
a “liquid-ordered” structure that distinguishes these regions from the majority, liquid-
disordered fraction of the plasma membrane. A large amount of evidence supports the view
that lipid rafts are discrete membrane domains that exist in living cells and that perform
multiple physiologic functions ¥*¥. However, difficulties in definition, measurement of their
size, and in the meaning of “detergent-insolubility” have generated controversies in the
field that have not yet béen resolved **%  Caveolae, which exhibit an invaginated
architecture identifiable unambiguously in electron micrographs, were discovered in the
1950s and are the best-studied form of cholesterol-rich raft °. The invaginated structure of
caveolae results from the presence within these membrane compartments of one or more
members of the caveolin family (caveolin-1, -2, and -3) 51 Caveolins possess an unusual
transmembrane structure and bind cholesterol and many cell signaling proteins *.

Lipid rafts have been implicated in a variety of signal transduction mechanisms ¥

t * and viral assembly **. Because they both

and other processes, such as cholesterol transpor
sequester and exclude signaling proteins, rafts have been hypothesized to serve as platforms
for assembling discrete classes of signaling complexes. Certain signaling proteins, such as
heterotrimeric G protein subunits and Src-like kinases localize preferentially to rafts. The
reader is directed to a recent review summarizing the published studies relevant to a

potential role for cholesterol in PCa, with a focus on cholesterol-rich lipid raft microdomains

as potential signaling nodes *.

Lipid rafts and signal transduction in prostate cancer
Caveolin-1 has been identified as a protein marker associated with PCa progression

and hormone-refractory disease ***. Evidence in the literature suggests that caveolin-1 is a
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direct mediator of androgen action **%, signaling through the PI3K-Akt pathway * and
metastasis *® in PCa. Collectively, these studies suggest a role for caveolar lipid rafts in
signaling mechanisms relevant to both androgen-mediated and androgen-independent PCa

cell growth and survival mechanisms.

While the data on caveolin-1 and PCa point to a role for caveolae in PCa progression,
lipid rafts also exist in cells that do not express caveolin proteins . For example, there is an
extensive literature on signal transduction by lipid raft-dependent mechanisms in
lymphocytes *, which do not express caveolins. Although the noncaveolar form of lipid raft
is less well-defined than are caveolae, the biophysical properties of the two microdomains
are similar, if not identical . They also sequester similar classes of proteins *'. The literature
on signal transduction processes mediated by rafts in caveolin-negative cells (e.g., T and B
cells ***?) suggests that caveolins may not be essential for raft-mediated signaling processes
to occur in tumor cells. A further rationale is that, despite the fact that caveolin-1 can be
overexpressed in prostate and other malignancies, malignant cells can downregulate
caveolin expression and caveolin-1 has been shown to demonstrate “tumor suppressor”-like

functions %4,

Zhuang et al. were the first to show that cholesterol-rich lipid raft microdomains, in
the absence of caveolins, are involved in cell survival signaling in human PCa cells 6, In that
study, the LNCaP PCa cell line was used to demonstrate a requirement for intact plasma
membrane lipid rafts in constitutive and epidermal growth factor receptor- (EGFR-)
stimulated signaling through the Akt serine-threonine kinase. Raft disruption using
cholesterol-binding compounds inhibited both EGF receptor (EGFR) and Akt signaling and
induced apoptosis. These effects were reversed by restoring cholesterol to the plasma
membrane, indicating that both the signal transduction and cell survival effects of the

cholesterol-binding agents were mediated by a cholesterol-dependeﬁt process. Cell survival
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in LNCaP cells requires continuous signaling through the PI3K-Akt pathway®, most likely
mimicking the situation in many human cancers. The dependence of LNCaP cells on Akt-
mediated signaling for survival is emerging as a consistent property of aggressive PCa cells
§74% and androgen ablation has been shown to upregulate this pathway in model systems ®.
The PI3K/Akt/mTOR pathway is now a major focus of novel drug design for potential

clinical application ",

Another recent study by Kim et al. demonstrated a role for caveolin-negative lipid
rafts in interleukin-6 (IL-6)-STAT3-mediated neuroendocrine differentiation of LNCaP cells
7. In that study, phosphorylation of STAT3 by IL-6, and cytokine-stimulated STAT3
translocation to the nucleus, were inhibited by the cholesterol-binding drug, filipin.
Isolation of Triton X-100-insoluble raft fractions by sucrose gradient ultracentrifugation
demonstrated that the 80 kDa IL-6 receptor localized almost exclusively to the raft
membrane fraction. Similarly, STAT3 located in the raft fraction was preferentially
phosphorylated by IL-6. IL-6-stimulated increases in expression of neuroendocrine markers
were also inhibited by the cholesterol-binding compound. This study carefully examined
the cells for the expression of caveblins and demonstrated that they were conclusively
negative. Consequently, raft-dependent signaling mechanisms do not require caveolins to
elicit physiologically relevant signals in cancer cells. Importantly, IL-6 7 and STAT3 7 are
PCa marker proteins that can affect signal transduction through the AR "7 and
neuroendocrine differentiation may be a marker of aggressive disease in PCa as it is in other

solid tumor systems 7.

Because the Zhuang et al.® and Kim et al.” studies suggest that two independent
signaling mechanisms of acknowledged relevance to clinical PCa (PI3K-Akt and IL-6-
STAT3) are mediated, at least in part, by raft-dependent mechanisms, studies of the raft

compartment may provide new insights into the biochemical basis of growth and survival
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signals in PCa and other solid tumor systems. If this is true, what role does the AR play in

raft-dependent signaling?

Membrane rafts as privileged sites for nongenomic signaling

Treatment of AR-expressing cells with androgen was recently reported by two
groups to rapidly activate PI3K-Akt signaling'®®, most likely by direct binding of AR to
PI3K subunits, linking a nongenomic androgen signal to a parallel signal transduction
pathway under some control by lipid rafts®. AR has been demonstrated to localize to the
caveolar form of raft® and additional evidence recently obtained by two of us (B.C. and
M.R.F.) indicate that AR can reside in non-caveolar (flat) rafts as well (Figure 1). Additional
evidence from one of our laboratories (B.C. and M.R.F.) indicates that AR forms complexes
with other signaling complexes in this subcellular location in LNCaP cells (not shown).
Both caveolar rafts as well as the undifferentiated flat rafts have been identified in a variety
of cell types as critical nodes for signal transduction. The observation that AR can transit,
and/or stably reside, within membrane rafts suggests the possibility that the protein
functions as a signaling intermediate within this subcellular location. A variety of signaling
pathways have by now been shown to intersect with the androgenic pathway, including IL-
6, IL-4, IGF, and ErbB receptor mechanisms”. It remains to be determined whether all of
these signaling circuits intersect with the AR exclusively via the classical genotropic
pathway. The large number of known AR binding partners’, most of which at this time do
not have a clear functional role in regulating the AR, also suggest possibilities for

productive nongenomic signaling processes where AR is a direct participant.

33,72,79 80,81

Rafts can be isolated biochemically and visualized using imaging techniques
These and other methods allow a focused approach toward unraveling the mechanism(s) of
nongenomic AR action by testing the hypothesis that the lipid raft membrane compartment

is a privileged site of nongenomic nuclear receptor signaling. This idea is diagrammed
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schematically in Figure 2. As shown in the figure, AR is activated by hormone and a
majority of AR protein translocates to the nucleus, resulting in activation of the genotropic
signal. However, a minority of the cytosolic AR proteins may also transit to caveolae or,
alternatively, to flat, caveolin-negative rafts (our unpublished data) where productive
interactions with other signaling proteins may occur. These may affect cellular physiology
in ways relevant to tumor cell behavior in vivo, such as growth, resistance to apoptotic

signals and motility.

The hypothesis that AR present in rafts can signal independently of its transcription
function can now be tested directly by (1) careful, high resolution analysis of the dynamic
behavior of AR under conditions of hormonal activation and in response to other AR
pathway activators, such as soluble growth factors and cytokines; (2) by the isolation and
characterization of signaling complexes containing AR from the non-nuclear subcellular
spaces; and (3) by analyzing signals triggered by genomically inactivated AR. Because of
the known tendency of the raft compartment(s) to sequester signal transduction complexes,
we believe this subcellular location represents a rich potential source of new information on

the role of the AR in nongenomic signaling.

Although the significance of nongenomic steroid hormone actions in cancer is still
controversial and is being actively debated, the well-known loss of hormonal control of the
AR during PCa progression provides a fertile and clinically relevant topic area for

investigating these potentially important signaling mechanisms.
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Figure Legends

Figure 1. Co-localization of AR and lipid rafts in caveolin-negative LNCaP cells. Cells
grown in chamber slides were serum-depleted and treated with InM R1881 at indicated
times. Multi-valent FITC-cholera toxin B conjugate (CtxB) was used to patch and stain the
ganglioside raft marker, GM1 (green). AR was detected using Texas Red conjugated anti-
mouse (red) secondary antibody. Co-localization of AR and GM1 (yellow) is evident at 0 m
but not at 60 m in the blowout panels. Nuclei (blue) are stained with DAPIL. Arrows in the

lower panels indicate the magnified regions.

Figure 2. Androgenic signaling via cholesterol-rich lipid rafts. The figure depicts the
hypothesis that AR-mediated, nongenomic signals arise by a mechanism that involves
transit of AR through flat (F) or caveolar (C) membrane rafts. This mechanism is distinct
from the genomic signal, which operates separately (bold arrow). Raft-mediated signals
may also impinge on androgen-regulated genes in PCa cells, via processes that may or may
not involve AR residing in raft domains. The nongenomic biological activities illustrated
are hypothetical. ARE=androgen response element.

T/DHT=testosterone / dihydrotestosterone.
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